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 Abstract 
 
Recent research has strongly linked disease emergence and resurgence with human-induced 
environmental change. Habitat alteration, biodiversity loss, pollution, climate change and 
introduced species are nowadays considered potential threats to human and wildlife health. 
However, the impacts of these changes are not always so clear. Recent findings indicate that 
anthropogenic disturbances may favour the transmission of some parasites, but can also be 
disadvantageous to others.  
The aim of this thesis is to determine how human-induced environmental change affects host-
parasite interactions by using anthropogenic eutrophication of the habitat of the threespine 
stickleback, Gasterosteus aculeatus, and its macroparasites as a model system. The different parts 
of the thesis focus on the influence of anthropogenic disturbances on epidemics, and on the 
ecological mechanisms underlying the observed patterns.  
After reviewing current knowledge about the influence of human-induced environmental change on 
host-parasites interactions, I focus on epidemiological patterns in fish populations inhabiting 
eutrophied waters, which vary in the extent of eutrophication. By analysing the data in respect to the 
degree of environmental disturbance and the knowledge about the biology of the parasites and their 
hosts, I develop hypotheses regarding the different mechanisms explaining the observed patterns. 
To test these hypotheses, I perform statistical modelling and experimental work focusing on the two 
most prevalent endoparasites in the studied stickleback populations, i.e. the eye fluke Diplostomum 
spp. and the tapeworm Schistocephalus solidus.  
The different approaches used in my thesis reflect the complexity of host-parasite systems and the 
need to mix theory, monitoring and experimental work to estimate the impact of human-induced 
environmental change on host-parasite interactions. Finally I point out areas that are in need of 
further investigation in order to elucidate the consequences of human activities for ecosystems and 
to build a predictive framework for how global change can affect parasitic diseases. 
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Introduction  
If you ask random people what a parasite 
is, most will tell you about nasty worms living 
in our guts. It is therefore arduous to start 
this thesis by explaining to the reader that 
this pre-conceived image of parasites is 
somewhat erroneous. Although I am 
tempted, like any parasitologist would be, to 
write about the beauty and elegance of 
parasites, I will first concentrate on the 
importance of parasites in ecosystems before 
introducing the framework of my doctoral 
thesis: environmental parasitology. Later on, 
I will present my study system and explain 
the aims and methods of my research. I will 
follow by reviewing the main results of the 
thesis and will conclude by addressing areas 
in need of further investigation. 
 
Parasites in ecosystems 
Like any definition in ecology, the 
characterization of parasitic life-style is an 
ongoing debate (see Poulin 2007). Here, I will 
adopt the definition provided by Claude 
Combes (2001) because it is widely accepted 
in ecology and evolutionary biology. The term 
parasite will be used to refer to any organism 
that causes harm to another organism during 
a sustained contact. Parasites affect the 
fitness of their hosts by inducing both non-
lethal effects (including castrating effects) 
and mortality that influence the dynamics of 
host populations. The theoretical work 
realized by Anderson and May (Anderson & 
May 1979; May & Anderson 1979) remains a 
pillar of our current understanding of how 
micro- and macroparasites can regulate host 
populations and the processes affecting the 
stability of host-parasite systems. The 
underlying principle of these studies is that 
when parasites reproduce faster than their 
hosts, parasitism leads to a decline of the 
host population. As a result, the growth rate 
of the population of parasites is reduced, 
decreasing the prevalence of parasites in the 
population of hosts. The release of the 
parasitic pressure increases the growth rate 
of host populations which in turn increases 
the growth rate of the parasite population 
(see Fig. 1). As a result, host-parasite 
relationships are analogous to predator-prey 
interactions and parasites can be seen as 
predators in the ecosystem (Raffel et al. 
2008).  
Parasites can mediate a number of 
interactions in the ecosystem (see Hatcher & 
Dunn 2011). For instance, the presence of 
parasites can affect the outcome of 
competition as infected individuals are 
typically poorer competitors than healthy 
individuals. This was shown to affect intra-
specific competition for food between 
Fig. 1 Cyclic dynamics of interacting host (dashed 
line) and parasite (full line) populations. 
Time 
Population size 
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tadpoles of the Cascades frog Rana cascadae 
(Kiesecker & Blaustein 1999). Similarly, 
parasites can mediate predator-prey 
interactions. Indeed, most predators are 
opportunistic and do not hesitate to feed on 
sick prey. As infected preys are more 
susceptible to predation, certain parasite 
species evolved strategies to exploit this 
interaction in order to achieve sexual 
reproduction. Hence, many complex life-cycle 
parasites (i.e. parasites requiring more than 
one host species to achieve sexual 
reproduction) are trophically transmitted: 
they seek the predation of infected 
intermediate hosts in order to be transmitted 
to the next host in the life-cycle (see Fig. 2). A 
classic example is the case of the trematode 
Leucochloridium paradoxum that sequentially 
infects Succinea snails as intermediate hosts 
and birds as final hosts. The larvae of the 
parasite modify the tentacles of the snail into 
swollen, pulsating and colourful displays that 
mimic a caterpillar. The behaviour of infected 
snails is also manipulated by the parasite so 
that hosts seek out bright areas and become 
more exposed to predation by birds 
(Wesenburg-Lund 1931). Accordingly, the 
presence of parasites can dramatically affect 
trait expression, ecological interactions and 
species assemblages.  
Despite their potential importance in 
structuring communities, parasites have 
traditionally been excluded from ecological 
studies and substantial efforts have only 
recently been devoted to quantifying the 
importance of parasites as a part of 
biodiversity. As parasites rely on the 
presence of enough susceptible hosts to 
persist, they indicate the presence of these 
hosts in the environment and one can easily 
imagine that host diversity would beget 
parasite richness. Current estimation 
methods do indeed suggest that parasitic 
organisms represent about 40% of known 
species (Dobson et al. 2008). However, as 
noted by Poulin (2014), current discovery 
rates do not seem to slow down for 
parasites, meaning that our estimates might 
be flawed due to insufficient knowledge 
about parasites. In spite of this, parasites can 
represent an important part of biomass in 
ecosystems, exceeding that of top-predators. 
A well-documented example is the 
ecosystem of the Carpinteria salt marsh, 
California, US. In this 70 ha estuary, the 
cumulative wet mass of parasites is 
estimated to be in the order of several 
elephants (Thomas et al. 2005). The 
prominence of parasites in these ecosystems 
becomes even more obvious when 
considering reproductive rates. In particular 
Kuris et al. (2008) found the annual 
Fig. 2 An example of complex lice-cycle parasite with 
trophic transmission. 
The cestode Schistocephalus solidus requires 
three host species to complete its life-cycle. The 
parasite undergoes sexual maturation in the gut 
of the bird and starts producing eggs that are 
released with the bird faeces into the water (1). 
After hatching, free-swimming coracidia larvae 
(2) are eaten by cyclopoid copepods (3) in which 
they develop as procercoid (4). Once infective 
for the next host, the parasite manipulates the 
behaviour of the copepod to enhance 
transmission to the downstream host, the 
threespine stickleback, Gasterosteus aculeatus 
(5). When the plerocercoid larva is big enough 
to be infective to bird final hosts (6), it 
manipulates fish behaviour to enhance 
predation by birds (7).  
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production of free-living trematode 
transmission stages to excess the biomass of 
birds. As a consequence, parasites appear to 
play a major role in ecosystems not only 
because of the functions they occupy and the 
interactions they mediate but also because of 
their ubiquity and high relative biomass. 
 
Infectious and parasitic diseases in a 
man-made world 
Regardless of their role in ecosystems, 
we often want to get rid of parasites because 
they threaten our health, our harvests or the 
wildlife we try to protect. The negative 
opinion of parasites is accentuated by the 
current emergence and resurgence of 
infectious and parasitic diseases. Infectious 
and parasitic emerging diseases are diseases 
caused by infectious agents that have either 
recently appeared in a population (i.e. 
emerged, e.g. HIV) or diseases that were 
present in the environment but increased in 
incidence or expanded their geographic 
range in the recent past (i.e. resurged, e.g. 
Lyme disease; Ostfeld et al. 2008). Research 
investigating the underlying causes of disease 
emergence and resurgence evidenced strong 
connections to human-induced 
environmental changes: anthropogenic 
disturbances altering the environment have 
the potential to influence the transmission of 
infectious agents (Daszak et al. 2000). 
Fragmentation of forests is especially known 
to have enhanced the transmission of the 
bacteria causing Lyme disease, Borrelia 
burgdorferi, in Northern America. The 
pathogen is transmitted by the black-legged 
tick (Ixodes scapularis) to several mammals 
and reptiles. Among its different reservoir 
species, the white-footed mouse Peromyscus 
leucopus is one of the most competent host 
for the Lyme bacterium and for immature 
ticks while other species, such as the Virginia 
opossum Didelphis virginiana, are poor hosts 
for both the parasite and its vector 
(LoGiudice et al. 2008). Therefore, high 
densities of opossums reduce the 
transmission of the disease while high 
densities of the mouse promote its spread. 
As forest patches smaller than two hectares 
are not suitable habitats for opossums, forest 
loss has favoured white-footed mouse and 
consequently enhanced the transmission of 
Lyme disease agents. In addition, human-
induced environmental changes can stress 
host populations and in turn favour 
parasitism as stressed hosts are too weak to 
mount and/or maintain efficient immune 
responses. The immuno-suppressive 
properties of many pollutants are particularly 
well described in the scientific literature. Oil 
spill was, for instance, shown to impair 
mucus production in cod (Gadus morhua), 
thereby increasing the prevalence of gill 
parasites (Khan & Kiceniuk 1988; Khan 1990). 
As a consequence, anthropogenic 
disturbances have been traditionally 
associated with increased transmission of 
infectious agents. 
In contrast to this, a few authors claim 
that parasites might be among the most 
endangered organisms (e.g. Dunn et al. 2009; 
Gómez & Nichols 2013). Indeed, for each 
endangered or lost host species, at least one 
of their specialist symbionts becomes 
threatened or extinct. Complex life-cycle 
parasites are generally assumed to be 
especially sensitive towards the 
environmental disturbances because the 
absence of at least one of their host species 
in the environment can prevent transmission. 
In addition to these cascading effects, 
parasites are also directly exposed to 
environmental disturbances, especially when 
their life-cycle involves free-living stages 
(Pietrock & Marcogliese 2003). As an 
example, several oestrid flies are threatened 
or have been lost due to co-extinctions and 
because of the use of anti-parasitic drugs 
(Colwell et al. 2009). Yet, very few examples 
are available because of a global lack of 
knowledge concerning the diversity of 
Alexandre BUDRIA 
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parasites in wildlife and the absence of 
protection measures for parasitic organisms. 
As a result, parasite loss remains virtually 
unnoticed. Accordingly, parasites can be 
quite sensitive to environmental change and 
artificial modifications of the environment 
can cause both increases and decreases in 
the transmission of parasites (Lafferty & Kuris 
2005; Budria & Candolin 2014). This has led 
to the emergence of a new discipline, 
environmental parasitology, which seeks to 
understand the impact of human-induced 
environmental changes on ecosystems by the 
study of parasites (Lafferty 1997; Sures 
2004). 
Due to their sensitivity towards 
environmental changes, their ecological 
functions and their ubiquity, parasites can 
indicate ecosystem health and be used as 
community indicators (Sures 2001; 
Marcogliese 2005). For instance, the crab 
Mithrax nodosus preys on eulimid snails 
(Sabinella shaskyi and Pelseneeria spp.) that 
infect the slate-pencil urchin Eucidaris 
galapagensis in the Galápagos. Fishing of the 
predators of the crab has reduced parasitic 
pressure on urchins (Sonnenholzner et al. 
2011). This has led to overgrazing of non-
coralline algae by urchins (Sonnenholzner et 
al. 2009). Hence, the presence of eulimid 
snails glues together the complex ecological 
networks, helping to maintain biodiversity 
and thereby also indicating the health of 
ecological interactions in the community. A 
few parasites were also found to be good 
indicators of heavy metals accumulation. In 
particular, metal levels in acanthocephalans 
can reach up to 2700 times higher than in the 
tissues of their fish hosts (Sures 2003) and 
provide better indications about the 
disturbance faced by species inhabiting 
polluted areas. Accordingly, parasites can be 
powerful bioindicators to estimate the 
success of conservation strategies and 
restoration measures. This approach was 
notably adopted by Huspeni and Lafferty 
(2004) to assess the recovery of a salt marsh 
ecosystem and by Henson et al. (2009) for 
the evaluation of a heathland restoration 
project. However, the incorporation of 
parasites to studies assessing ecosystem 
recovery remains quite rare. 
 
Eutrophication and parasitism 
Top waters have dramatically changed 
during the past century due to artificial 
enrichment of nutrients, typically nitrogen 
(N) and phosphorus (P), from diverse sources 
(e.g. agriculture, forestry, waste discharges). 
Subsequent changes in the ratio between 
dissolved inorganic nitrogen (DIN) and 
dissolved inorganic phosphorus (DIP), affect 
primary production and induce undesirable 
effects such as turbidity, oxygen depletion 
and toxic algal blooms; a phenomenon 
known as anthropogenic eutrophication 
(from the greek eutrophos: well-nourished), 
referred to here as eutrophication for 
simplicity (Smith 2003). Eutrophied water 
bodies are characterized by a stimulated 
primary production, at extreme resulting in 
the degradation of ecosystem functioning 
and ecological interactions. 
Although eutrophication is widely 
recognized to affect ecosystems, very little is 
known about its impact on host-parasite 
dynamics and the associated consequences 
on wildlife. Theory predicts that low to 
intermediate levels of nutrient enrichment 
should benefit ecosystems and increase 
biodiversity while the negative effects of 
eutrophication should appear in severely 
eutrophied water bodies. Accordingly, 
parasite diversity should increase until the 
adverse effects of eutrophication appear, 
causing an overall decrease in species 
diversity. In support of this, a long-term study 
has revealed that generalists became 
prominent in parasite communities during 
early periods of eutrophication along the 
German Baltic coast (Zander & Reimer 2002). 
Moreover, Zander et al. (2002) found 
parasites using benthic herbivores as 
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intermediate hosts to thrive in eutrophied 
waters. This pattern can reflect several 
changes in the community. For instance, 
eutrophication of the Gull Lake in Michigan, 
USA, has restricted burrowing mayflies 
(Hexagenia limbata) to occupying shallower 
waters (more oxygen rich), thereby 
increasing exposure to the trematode 
Crepidostomum cooperi (Esch et al. 1986; 
Marcogliese et al. 1990). Changes in the 
distribution of mayflies in the lake have 
favoured contacts with sphaeriid clams, the 
first intermediate host of the trematode. 
Metacercariae of C. cooperi were thus highly 
abundant in mayflies following intensive 
nutrient enrichment (Marcogliese et al. 
1990). By altering the distribution of mayflies 
in the lake, eutrophication has promoted 
exposure to parasitism. Another interesting 
study case is the increased incidence of 
trematode infections in amphibians in North 
America. The development of algae induced 
by eutrophication has benefited herbivorous 
snails used by the parasite Ribeiroira 
ondatrea to asexually produce infectious 
stages. The improved conditions for snails 
have increased snail density, growth rate and 
tolerance to infection, thereby amplifying 
exposure of amphibians to the parasite 
(Johnson et al. 2007). Different mechanisms 
can thus influence parasite transmission in 
eutrophied ecosystems and the observed 
patterns depend on the considered system.  
 
Eutrophication: a major threat to the 
Baltic Sea 
The Baltic Sea is located between Central 
and Northern Europe and bounded by the 
Danish islands, the mainland of Europe and 
the Scandinavian Peninsula (Fig. 3). The 
seabed is shaped into sub-basins 
characterized by different depths, volume 
and water exchange. The sub-basin-specific 
chemical and physical properties, especially 
salinity, influence the proliferation and 
distribution of species on regional and local 
scales. The salinity of the Baltic Sea has 
alternated for long periods between both 
marine and freshwater phases and has 
approached the current salinity levels (i.e. in 
average from less than 5 psu in the Bothnian 
Bay and the Gulf of Finland to 20 psu in the 
Southern Kattegat) about 3000 years ago 
(Berglund et al. 2005; Bonsdorff 2006). The 
current Baltic Sea is a brackish system 
resulting from the influx of saline water from 
the North Sea through the Danish Straits and 
the freshwater inflow from rivers (Lass & 
Matthäus 2008). This constitutes stressful 
conditions for most aquatic organisms as 
both marine and freshwater species meet 
their physiological limits. As a result, the 
diversity of species in the Baltic Sea is 
relatively low compared to other aquatic 
systems (Lass & Matthäus 2008). This 
biodiversity is valuable as such and provides a 
variety of goods (e.g. fish) and ecosystem 
services (e.g. nutrient recycling) as well. Yet, 
it is threatened by human activities that have 
gradually changed over the past century.  
It was established that large catchment 
area and limited exchange with the North Sea 
Fig. 3 The Baltic Sea 
(source: https://en.wikipedia.org/wiki/Baltic_Sea). 
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make the Baltic Sea very sensitive to 
eutrophication (HELCOM 2006). Excessive 
amounts of nutrients (mostly N and P) are 
released into the sea because of intensive 
agriculture and forestry, industrial and 
municipal wastewater plants and other 
sources of emission (e.g. energy production, 
aquaculture, transport, HELCOM 2006), 
causing eutrophication. In coastal waters, 
eutrophication promotes the growth of 
short-lived filamentous algae and increases 
phytoplankton biomass. Increased 
phytoplankton growth limits light 
penetration through the water column and 
decreases the colonization depth of 
macroalgae and seagrasses. Decreased light 
availability and increased primary production 
may, increase the sedimentation of organic 
matter to the seafloor, and at extreme 
trigger hypoxia, which leads to the death of 
fish and invertebrates (see Fig. 4, HELCOM 
2006). As a result, eutrophication strongly 
affects species composition and food-web 
dynamics in the Baltic Sea.  
The Gulf of Finland has especially 
suffered from eutrophication with nutrient 
inputs 2 times higher than the average levels 
in the whole Baltic Sea (Pitkänen et al. 2001). 
The largest loads originate from the Neva 
River (St. Petersburg) but wastewaters from 
Helsinki, Tallinn, Vyborg, Narva and Kotka 
regions also constitute important sources of 
nutrients in the Gulf of Finland. Monitoring of 
chlorophyll a concentration indicates that 
primary production increased in the 1970s 
and 1980s and levelled off in the 1990s 
(Raateoja et al. 2005). Nonetheless, early 
signs of eutrophication were observed 
already in the early 1900s (Pitkänen et al. 
1993). The mean Secchi depth, a measure of 
water transparency, has decreased in the gulf 
from 8 to 5 meters between 1905 and 2004, 
indicating an increase in water turbidity 
(Laamanen et al. 2004). Nutrient 
concentrations decrease in the gulf from east 
to west and mean chlorophyll a 
concentrations range between 4 and 10 g.l-1 
in coastal waters (HELCOM 2009). Salinity 
varies from 0 to 6.5 psu from east to west, 
which affects the redistribution of discharged 
material in the sea (Pitkänen et al. 1993). In 
combination with large freshwater inflow and 
water exchange with the Baltic Proper, this 
generates an anti-clockwise circulation of the 
nutrients. Water residence time is estimated 
to 3 years in the inner gulf and 1 year in the 
archipelago region (Pitkänen et al. 2003). 
Eutrophication of the Gulf of Finland has 
deeply influenced coastal biodiversity. For 
instance, species richness of planktonic 
diatoms has dramatically decreased in the 
19th - early 20th due to coastal urbanization 
Fig. 4 Conceptual model of coastal eutrophication in the Baltic Sea (adjusted from Cloern  2011). 
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(Weckström 2006) and the depth distribution 
of several macroalgae has increased due to 
turbidity (e.g. Bäck & Ruuskanen 2000). In 
contrast to this, other species, such as the 
filamentous algae Cladophora glomerata, 
appear to thrive in eutrophied habitats 
(Lehvo & Bäck 2001). These changes in the 
composition of primary producers have in 
turn influenced assemblages of invertebrates 
and fish, (e.g. Boström et al. 2002) and 
impacted ecosystem processes (e.g. Berezina 
& Golubkov 2008). 
 
The threespine stickleback and its 
parasites 
Overfishing and eutrophication in the 
Baltic Sea have induced a large-scale release 
of mesopredators, increasing the density of 
medium-sized fishes (Lappalainen 2002; 
Österblom et al. 2007; Casini et al. 2008; 
Ljunggren et al. 2010). Among these, the 
biomass of threespine stickleback 
(Gasterosteus aculeatus) has increased 
exponentially over the past decade (Eriksson 
et al. 2009; Ljunggren et al. 2010). In the Gulf 
of Finland, several stickleback populations 
breed in more or less eutrophied waters. 
After spending the winter offshore, the fish 
migrate in the spring to coastal waters to 
spawn. Adults typically reproduce when 2+, 
after which they die (Borg 1982; Borg & van 
Veen 1982; Candolin 2000).  
Stickleback prey on a wide range of 
aquatic invertebrates and are preyed on by 
many vertebrates. Accordingly, stickleback 
are infected by a wide range of parasites (see 
Fig. 5). The parasite fauna of Baltic 
stickleback is well described, at least for 
German populations (Kalbe et al. 2002; 
Zander 2007). The life-cycles of these 
parasites are quite diverse and can involve 
both aquatic and terrestrial hosts. Stickleback 
can thus be used for growth (intermediate 
host) or sexual reproduction (definitive host) 
by the parasite.  
As for free-living diversity, two major 
stress factors structure parasite communities 
in the Baltic Sea: salinity and eutrophication 
(Zander 1998; Zander 2005). Many parasite 
species found in Baltic fish are euryhaline but 
a number of freshwater and marine parasites 
have also adapted to brackish conditions 
Fig. 5 Some of the parasites infecting threespine stickleback in the Gulf of Finland (modified from Kalbe, pers. com.). 
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(Zander et al. 1999). This phenomenon is 
facilitated by the presence at low salinities of 
other host species involved in complex life-
cycles (Zander 1998). As a consequence, 
communities of fish parasites are mainly 
composed of marine species in the western 
regions of the Baltic while a greater 
proportion of freshwater parasites occurs at 
the east (Valtonen et al. 2001). Brackish 
conditions are known to reduce specificity of 
a few freshwater parasites along the German 
coast (Zander 1993; Zander et al. 2000) but 
this might not be the case in more limnetic 
parts of the Baltic. A recent biogeographical 
study also found salinity to favour autogenic 
parasites over species with allogenic life-
cycles in stickleback populations (Poulin et al. 
2011). However, it is not known if this 
pattern exists in the Baltic Sea. 
In parts of the Baltic Sea, eutrophication 
can be a stronger stressor than salinity for 
parasites (Zander 2002). Due to its effects on 
free-living diversity, eutrophication was 
found to favour generalists, parasites with 
direct development and species infecting 
planktonic hosts (due to bottom hypoxia), 
thereby decreasing the overall diversity of 
parasites (Palm & Dobberstein 1999; Zander 
2002; Zander & Reimer 2002; Zander 2005). 
Allogenic parasites are prominent for 
intermediate levels of eutrophication and it 
was hypothesized that high food availability 
in these environments might attract birds 
which are their final hosts (Zander et al. 
2000). However, at high levels, 
eutrophication generates a general stress in 
the ecosystem. This also causes the loss of 
allogenic species and directly transmitted 
parasites such as Diplostomum spathaceum 
and Thersitina gasterostei in stickleback 
populations (Kesting et al. 1996). 
 
Aims of the thesis  
This doctoral thesis focuses on the 
impact of human-induced environmental 
changes on host-parasite interactions. The 
role of anthropogenic eutrophication as a 
driver of epidemics along the Finnish 
southern coast of the Baltic Sea is 
investigated by using the threespine 
stickleback and its macro-parasites as model 
system. 
Chapter I is a review of the literature 
concerning the influence of anthropogenic 
environmental change on host-parasite 
interactions. This synthesis focuses on the 
main steps of any host-parasite interactions – 
encounter and compatibility – and explains 
how human activities can affect these. The 
mechanisms by which host-parasite 
interactions can be altered are described. 
These include changes in the distribution of 
hosts and parasites, behavioural alterations 
as well as variation of parasite virulence and 
host immune responses. Ecological and 
evolutionary aspects of these modifications 
are considered. This has allowed us to 
identifying a number of areas in need of 
further investigation. 
In Chapter II, monitoring data are used 
to study the influence of eutrophication on 
infra-communities of stickleback parasites. 
The importance of the considered 
geographical scale is highlighted by 
investigating the impact of eutrophication on 
parasite richness at regional versus local 
levels. We predicted that eutrophication 
reduces the overall richness of parasites 
because of a decrease in the abundance of 
parasites with complex life-cycle and that this 
pattern should be especially obvious at large 
scales because of reduced migration of 
infected hosts between sampling areas.  
Chapter III focuses on the influence of 
eutrophication on the interaction between 
stickleback and the cestode Schistocephalus 
solidus with special consideration for fish 
body condition and breeding status. As 
eutrophication improves host condition, we 
hypothesised that fish could tolerate 
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infections for longer periods and that more 
infected fish could breed in eutrophied 
habitats. 
Chapter IV investigates whether an 
increased growth of filamentous algae, 
promoted by anthropogenic eutrophication, 
affects the transmission of cercarial stages of 
Diplostomum spp. to stickleback. We 
hypothesized that algae could act as a 
physical barrier and limit the transmission of 
free-living cercariae to stickleback. 
 
Material and methods 
Stickleback sampling 
The fish used in Chapters II and III were 
caught from 4 areas in Southern Finland. In 
each region, a clear water habitat (C) and a 
eutrophied habitat (E), separated by 5-10km 
were selected based on long-term data of 
several environmental factors, including 
cholophyll-a and Secchi depth (see Tab. 1 and 
2).  
These 8 sites were visited 3 times in 2011 
during the breeding season of stickleback: in 
early May, when the fish arrive at the 
breeding grounds, in mid-June, at the height 
of the breeding season, and in the beginning 
of July, when the breeding season ends. 
Within a week, 30 adult stickleback were 
caught from each site using a hand-trawl 
(mesh size 7mm), sacrificed through 
decapitation, and brought to the laboratory 
within one day in an ice box, and frozen for 
later examination. For the last period, less 
than 30 fish were caught for some sites, 
because of high mortality and migration out 
of the spawning sites at the end of the 
breeding season.  
Parental fish used in Chapter IV, were 
caught from Tvärminne area in May 2010 
using minnow traps. 
 
Parasite screening 
Stickleback used in Chapter II and III 
were screened for parasites following the 
protocol described in Kalbe et al. (2002) and 
species were identified using the keys in 
(Bykhovskaya-Pavlovskaya et al. 1964). The 
body surface, fins and all gill lamellae were 
inspected for external parasites. Before 
screening for internal parasites, each fish was 
weighed and the standard body length was 
measured. Eyeflukes were counted by 
extracting the lens from the eye socket and 
screening the eye lens for metacercaria. 
Stickleback were then opened ventrally to 
screen inner organs as described in Zander 
(2007). Sex was identified and gonads were 
also weighed. Infections of the 
microsporidian Glugea anomala were 
recorded by counting the number of 
xenomas in the body cavity and on the 
outside of the fish. If found Schistocephalus 
solidus were weighed to get the host weight 
by subtraction of the total weigh measured 
before dissection.  
 
Tab. 1 Environmental conditions (mean ± SD) at the four sampling areas. The data were compiled from public data 
available on the website of HELCOM (http://helcom.fi/baltic-sea-trends/data-maps/). Years indicate when 
measurements were recorded. 
 
Area 
Rauma  
(1994-2010) 
Nauvo  
(1989-2010) 
Tvärminne  
(1988-2010) 
Kotka  
(1986-2008) 
Salinity (psu) 5.70 (±0.10) 6.24 (±0.05) 5.83 (±0.13) 4.14 (±0.27) 
Chlorophyll a (g/l) 2.40 (±0.95) 2.86 (±1.03) 4.30 (±1.75) 5.2 (±1.36) 
Secchi depth (m) 3.80  (±2.63) 3.70 (±0.16) 3.43 (±2.9) 2.1 (±0.54) 
Ptot (mol/l) 0.59 (±0.26) 0.70 (±0.31) 0.89 (±0.32) 0.88 (±0.48) 
Ntot (mol/l) 20.13 (±3.6) 22.86 (±3.42) 26.5 (±5.7) 26.68 (±7.1) 
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Crossings and fish maintenance 
The adult stickleback used for crossings 
in Chapter IV were brought to Tvärminne 
Zoological station. Crossings were done 
following mating procedures described in 
Candolin (2000). Once the eggs had hardened 
(i.e. two hours after mating), the clutch was 
collected from the nest and divided into two 
sub-families. The embryos were incubated at 
18⁰C in fungicide treated water and checked 
every day for dead embryos. The fry were 
kept in 10L tanks and fed twice a day with 
Artemia nauplii, and chironomid larvae when 
they grew bigger. Each week, one third of the 
water was exchanged from the tanks. After a 
month, the fish were transferred to 60 x 40 x 
30 cm tanks and maintained at 12 : 12 h 
light:dark cycle at 16 ⁰C. Sub-families were 
kept under similar densities and were split 
into different tanks accordingly. The sexes 
were separated into different tanks as soon 
as sex could be determined based on the 
production of eggs or expression of nuptial 
colouration. 
 
Snail housing and experimental 
infection  
The great pond snails (Lymnea stagnalis) 
used in Chapter IV were naturally infected 
with Diplostomum pseudospathaceum Snails 
were collected from a lake in Germany (see 
Kalbe & Kurtz 2006) in early September 2012, 
when cercarial shedding is at its highest. They 
were transported to the Viikki campus at 
University of Helsinki where they were kept 
under the same temperature and light 
regime as the stickleback (see previous 
section) in a 20L tank. They were fed ad 
libitum with fresh lettuce. 
Following the procedure of Kalbe and 
Kurtz (2006), cercarial emergence was 
triggered by exposing snails to bright light for 
90 minutes. Cercarial suspensions from 5 
snails were combined and 100 cercariae were 
transferred into a Petri dish and mixed 
gently. After 90 minutes, the Petri dish was 
immerged into a 4L tank filled with 
dechlorinated water in presence or absence 
of fake filamentous algae. To mimic 
Area Habitat Coordinates Chlorophyll a (g/l) Secchi depth (m) 
Rauma 
C (2001-) N 6785812 E 193683 1.5 ± 0.26 5.3 ± 0.35 
E (2001-) N 6786962 E 200783 2.4 ± 0.53 3.7 ± 0.44 
Nauvo 
C (2011-) N 6674373 E 1535530 3.0 ± 0.25 3.3 ± 0.70 
E (2011-) N 6672607 E 1539459 5.5 ± 1.68 3.1 ± 0.13 
Tvärminne 
C (1979-) N 6635323 E 2455822 3.7 ± 1.91 4.2 ± 1.47 
E (1979-) N 6638361 E 2466760 5.6 ± 2.38 2.6 ± 0.84 
Kotka 
C (1972-) N 6738361 E 3491855 4.7 ± 1.60 3.0 ± 0.71 
E (1972-) N6704412 E 3497221 8.2 ± 2.95 2.0 ± 0.45 
Tab. 2 Chlorophyll-a concentration and Secchi depth (mean ± SD) in the clear water (C) and eutrophied (E) habitats 
in the four areas. The data are compiled from environmental reports (Häkkinen 2009; Turkki 2010, 2011) and the 
web portal of the Finnish Environmental Administration (http://wwwp2.ymparisto.fi/script/oiva.asp). Years 
indicate when measurements started. 

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Fig. 6 Bar plots presenting the mean (±SD) parasite richness per threespine stickleback in the four regions 
(Rauma, Nauvo, Tvärminne and Kotka) and in the two habitats within the regions (clear water in white, and 
eutrophied in grey). Regions are organised following a regional gradient of human-induced eutrophication 
(increasing from left to right). 
filamentous algae we used two grams of dry 
aquarium filtering wool attached to four air 
stones. The wool was stretched to cover 
about 15% of the tank volume, to mimic the 
cover of filamentous algae in eutrophied 
coastal waters of Southern Finland (pers. 
obs.). The air pumps were activated for 2 
minutes (airflow: 1 l.min-1) in order to 
randomize the position of cercariae in the 
tank. Five minutes later, a fed stickleback was 
introduced into the tank at a random 
position. After two days, the fish was 
removed, measured (weight, standard length 
and sex) and screened for successful 
infections. 
 
Main results and discussion  
Eutrophication and parasites of 
stickleback: epidemiological patterns 
(II) 
The mean richness of parasites per 
stickleback was not influenced by 
eutrophication at the local scale but 
decreased from the less eutrophied region to 
the most eutrophied region (see Fig. 6). Infra-
communities were most diverse at the least 
eutrophied region, Rauma (mean number of 
parasite species per fish: 3.84±1.41), while 
stickleback harboured the poorest diversity 
of parasites in the most eutrophied region, 
Kotka (2.48±1.4). Fish carried an intermediate 
diversity of parasites in Nauvo (3.16±1.37) 
and Tvärminne (2.83±1.53) areas.  
These differences reflect a series of 
changes in the community of parasites that 
varied during the summer and according to 
the considered scale. For instance, fish 
carried less T. gasterostei in eutrophied areas 
at the regional scale, as found in Kesting and 
Zander (2000). As T. gasterostei is 
characteristic of brackish waters, it is possible 
that the low salinity in Kotka could have 
generated this pattern. At the local scale, 
more T. gasterostei were found in fish 
inhabiting eutrophied habitats. This could be 
due to local differences in the densities of 
nesting stickleback (e.g. Candolin 2004). A 
non-exclusive hypothesis is that stickleback 
inhabiting eutrophied waters could benefit 
from   higher  food  availability   and    relaxed 
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Fig. 7 Abundances (logarithmic scale) of the dominating parasites of threespine stickleback at the four sampling
regions in May (1), June (2) and July (3). Full lines show the estimated values given by the hierarchical model of
species community with the corresponding confidence intervals represented by the dashed lines. Colour
intensity represents the degree of eutrophication and thereby sampling region with Rauma in light green and
Kotka in black.
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Fig.  8 Abundances (logarithmic scale) of the dominating parasites of threespine stickleback in clear water (in
grey) and eutrophied (in black) habitats in May (1), June (2) and July (3). Full lines show the estimated values
given by the hierarchical model of species community with the corresponding confidence intervals represented
by the dashed lines.
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sexual selection in eutrophied waters 
(Candolin 2009) and tolerate higher 
intensities of infections by T. gasterostei (see 
Fig. 7 and 8).  
More fish infected with S. solidus were 
found in the less eutrophied regions and 
prevalence decreased over the summer with 
the decrease being more pronounced in 
eutrophied regions. Yet, analysis at the local 
level revealed that fish inhabiting eutrophied 
habitats carried less plerocercoirds of S. 
solidus in May but that the decrease in 
prevalence during the summer was more 
pronounced in clear water habitats (Fig. 7, 8). 
Higher tolerance of stickleback could have 
limited parasite-induced mortality and 
prevented successful transmission of the 
parasite to the bird definitive host in 
eutrophied habitats.  
Other parasites, such as C. lacustris, A. 
foliaceum, A. cobiditis and D. spathaceum 
were not found to be affected by 
eutrophication at both regional and local 
levels (Fig. 7, 8). Moreover, increased algal 
cover could have acted as a physical barrier 
and prevented successful transmission of 
cercariae to fish (Thieltges et al. 2008). 
 
Mechanisms underlying the 
consequences of eutrophication on 
host-parasite interactions (III, IV) 
- Schistocephalus solidus 
Over the summer, the prevalence of S. 
solidus plerocercoids in stickleback 
populations decreases. However, this 
decrease is less marked at eutrophied sites 
(II). Investigation (III) of the influence of 
eutrophication on body condition and 
infection status revealed that fish condition 
deteriorated during the breeding season with 
infected stickleback being in poorer condition 
than uninfected ones. However, the decrease 
in condition of infected fish was lower in 
eutrophied habitats compared to clear 
waters (Fig. 9). These findings suggest that 
high primary production and food availability 
in eutrophied environments could have 
contributed to maintain high parasite 
prevalence, by ensuring that infected fish 
survived the breeding season despite the 
energy drain induced by the parasite. This 
hypothesis is supported by small infected 
individuals – who should be most sensitive to 
poor food conditions – being more common 
in eutrophied than in clear water habitats. 
This is further supported by the fact that 
eutrophication did not influence the 
probability of infected stickleback entering 
reproductive condition. In accord with 
previous findings of more parasitized 
stickleback establishing territories in 
eutrophied habitats (Heuschele & Candolin 
2010) and mate choice being more random 
(Candolin 2009), this suggests that the 
proportion of infected fish surviving until 
reproduction and reproducing successfully 
increases with eutrophication. 
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- Diplostomum spp. 
Eutrophication promotes the growth of 
filamentous algae in the Baltic Sea. This is 
generally assumed to increase trematode 
Fig. 9 The condition of uninfected and infected 
stickleback in clear (C) and eutrophied (E) waters at 
the start of the breeding season, period 1, and after 
the height of the breeding season had been passed, 
period 2. Condition is measured as residual body 
condition index. Data is mean ± SE and based on 
mean value for each habitat, N = 4. 
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infections in fishes by increasing reproductive 
success of snail primary hosts and by 
boosting the release of cercarial stages from 
snails. Yet, the presence of these algae could 
act as a physical barrier and limit the 
transmission of infective stages to their 
hosts. The experiment carried in Chapter IV 
revealed that artificial filamentous algae did 
not affect infection success of cercariae in 
controlled conditions (see Fig. 10). Only fish 
size (and sex, females being bigger than 
males) explained the amount of 
metacercariae found in exposed stickleback. 
The very few studies that investigated the 
role of aquatic plants as a physical barrier, 
preventing the transmission of free-living 
endohelminths to their upstream host, have 
found contrasting results. While some studies 
found algae to impair transmission 
(Christensen 1979; Prinz et al. 2009), other 
did not (Thieltges et al. 2008). Our results 
indicate that algal growth is not affecting the 
transmission of cercarial stages to stickleback 
in the Baltic Sea. As a consequence, other 
factors, such as predation by various 
organisms or genetic differences between 
host populations, might be more important 
drivers of cercarial transmission.  
 
Conclusions 
The coastal marine environment has 
increasingly been threatened due to the 
demands of the growing human population. 
This has triggered dramatic changes in 
species communities the world over and 
generated the need to understand how 
human-induced environmental changes can 
affect wildlife health. Accordingly, it is not 
surprising that recent research has shed light 
on the importance of parasites in ecosystems 
and the impact of anthropogenic 
disturbances on epidemics. Anthropogenic 
eutrophication is one of the most visible 
threats of human activities to natural aquatic 
systems and is a growing problem. It is 
caused by the artificial enrichment of water 
with nitrogen and phosphorus, two most 
often limiting resources for the growth of 
photosynthesising organisms, resulting in 
algae blooms. This results in water turbidity 
and, in the most extreme cases, hypoxia and 
anoxia that can affect the dynamics of 
infectious diseases (Johnson et al. 2010). 
Along with my Ph.D. studies we shed light on 
the role of anthropogenic eutrophication as a 
driver of epidemics in Baltic populations of an 
environmental sentinel, the threespine 
stickleback, Gasteroteus aculeatus. 
Our findings provide evidence to suggest 
that this disturbance can strongly affect 
epidemiological patterns through complex 
mechanisms that appear highly specific to 
the considered system. After describing the 
general patterns (Chapter II) and drawing 
hypotheses based on previous findings in the 
literature (Chapter I), we focused on two 
main parasites: Schistocephalus solidus and 
Diplostomum spp. The thesis supports the 
notion that eutrophication can alter host 
conditions and in turn alter parasite 
transmission (Chapter III). The complexity of 
parasite transmission led us to investigate 
the influence of non-host organisms affected 
Fig. 10 The influence of artificial algae on the 
number of Diplostomum pseudospathaceum 
metacercariae encysted in the eye of stickleback, 
corrected for host size by dividing the number of 
metacercariae by the size of the stickleback. F = 
females, M = males, A = artificial algae treatment, C 
= control. Box plots show tenth, twenty-fifth, fiftieth 
(median), seventy-fifth, and ninetieth percentiles 
with horizontal lines. 
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by the pollution on parasite transmission, but 
this was infructuous (Chapter IV). 
The different approaches used in my 
thesis reflect the complexity of host-parasite 
systems and the need to mix theory, 
monitoring and experimental work in order 
to estimate the impact of human-induced 
eutrophication on host-parasite interactions. 
Overall, humans can affect parasite 
transmission in complex ways that deserve 
further investigations. Chapter 1 reviews 
some of them as well as discussing areas in 
need of future investigation. The current 
state of research concerning the influence of 
eutrophication on parasites is still in its 
infancy as most of our knowledge is 
restricted to a very few case studies that 
were experimentally investigated. Several 
issues need to be addressed in this field of 
research and for which almost no 
information is published. For instance, the 
influence of geographical scale in the study of 
epidemiological patterns in eutrophied areas 
has been neglected in spite of its importance, 
at least in coastal environments (Chapter II). 
Similarly, no study has actually connected 
actual measurements of eutrophication to 
specific changes in the parasite community 
(as illustrated by the graphics presented in 
Johnson & Carpenter 2008 for which no scale 
is provided). This could be especially relevant 
considering that disturbances can drive non-
linear changes in parasite transmission (e.g. 
Paull et al. 2012). Moreover, the influence of 
non-host organisms on epidemics in 
eutrophied areas remains unexplored 
(Chapter IV) and knowledge about species 
changes that can alter parasite transmission 
is often lacking (e.g. higher presence of fish-
eating birds at eutrophied sites) due to 
experimental limitations. As a result, more 
diverse questions need to be considered in 
order to elucidate the consequences of 
human-induced eutrophication for 
ecosystems and to build a predictive 
framework for how global change can affect 
parasitic diseases. 
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